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1. INTRODUCTION
Forced convective cooling through micro and narrow
channels is very effective and is widely used in many
engineering applications, from small computer devices to
large systems, such as heat exchangers and research reactors,
since it provides more cooling surface for efficient heat
removal [1,2,3]. Because of their important role, the heat
transfer characteristics through micro and narrow channels
have been extensively studied for the past several decades
[4,5]. In 1930, Dittus and Boelter proposed a convective
heat transfer correlation for turbulent flows (10,000 < Re
< 12,000 and 0.7 < Pr <120). This correlation is recom-
mended only for rather small differences between wall
and coolant temperatures. A few years later, in 1936,
Sieder and Tate [6] developed another correlation that
accommodates larger temperature differences by taking
into account the variations in viscosity with fluid bulk and
wall surface temperatures. The Sieder-Tate correlation is
valid for Re > 10,000 and 0.7 < Pr < 16,700. In 1945,
Colburn et al. [4] proposed another correlation similar to
the Dittus-Boelter correlation, but considered the properties
at film temperature. The film temperature is the arithmetic
mean of the bulk and wall surface temperatures. The existing
correlations for turbulent forced convection heat transfer
proposed by Colburn, Dittus-Boelter, and Sieder-Tate are
listed below:
Levy et al. [7] experimentally investigated the heat
transfer to water in thin rectangular channels (2.54×63.5
mm). The range of Re covered from 6,000 to 200,000. The
authors concluded that the experimental data were con-
siderably lower than those obtained in a circular pipe. In
1969, Battista and Perkins [8] performed a local heat transfer
experiment for turbulent flows of air in a vertical square
duct. They developed a local heat transfer correlation as
Heat transfer characteristics in a narrow rectangular channel are experimentally investigated for upward and downward
flows. The experimental data obtained are compared with existing data and predictions by many correlations. Based on the
observations, there are differences from others: (1) there are no different heat transfer characteristics between upward and
downward flows, (2) most of the existing correlations under-estimate heat transfer characteristics, and (3) existing correlations
do not predict the high heat transfer in the entrance region for a wide range of Re. In addition, there are a few heat transfer
correlations applicable to narrow rectangular channels. Therefore, a new set of correlations is proposed with and without
consideration of the entrance region. Without consideration of the entrance region, heat transfer characteristics are expressed
as a function of Re and Pr for turbulent flows, and as a function of Gz for laminar flows. The correlation proposed for
turbulent and laminar flows has errors of ±18.25 and ±13.62%, respectively. With consideration of the entrance region, the
heat transfer characteristics are expressed as a function of Re, Pr, and z* for both laminar and turbulent flows. The correlation
for turbulent and laminar flows has errors of ±19.5 and ±22.0%, respectively.
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This correlation is the same as that found by Campbell
and Perkins [9] for local heat transfer coefficients in a
nominally equilateral duct. The experimental conditions
were inlet Re varied from 21,000 to 49,000, and the max-
imum temperature ratio of wall to bulk was approx. 2.13.
The axial distance considered was between x/D = 22 and
x/D = 155. After x/D equals to 50, the entry correction
shown in the bracket in Equation 4 can be neglected as
given with
Perkins et al. [10] proved that the correlation’s applicable
range can be extended to Re of at least 4,000 and x/D of at
least 12. The working fluids were helium and nitrogen gas. 
Recently, Sudo et al. [11,12] studied single-phase
convective heat transfer characteristics between upward
and downward flows through a narrow rectangular channel
(2.25×40 mm). The range of Re was from 100 to 40,000
and the range of Pr was from 3.5 to 10. Unlike Levy et al.’s
experimental observations [7], Sudo et al. [12] observed
different heat transfer characteristics between upward
and downward flows. The downward flows resulted in a
lower heat transfer coefficient than that for the upward
flows. In addition, different transitions from turbulent to
laminar regions were observed for the upward and downward
flows: for the downward flows, the transition exists when
Re is less than 3,000, while for the upward flows the transition
exists when Re is less than 4,000. The authors found that
the Colburn, Dittus-Boelter, and Sieder-Tate correlations
were still applicable to both upward and downward turbulent
flows, but the Dittus-Boelter correlation fits best with ± 20%
uncertainty against their experimental data. For laminar
flows, the correlations developed by Sudo et al. [12] are
as follows:
Churchill and Usagi [13] expressed a general formula
to predict the Nusselt number. The general formula was
validated using empirical formulas. The developed correlation
is valid for all ranges of Gz and Pr, and is given as
Bejan and Sciubba [14] fitted the local Nusselt number
data of Hwang and Fan [15] using empirical formulas of
the Churchill-Usagi correlation type, which resulted in
Gamrat et al. [2] numerically analyzed the convective
heat transfer in rectangular micro-channels to investigate
the entrance effect on laminar flows. They showed a good
agreement between their analyses and predictions made
by the Bejan-Sciubba correlation for Pr = 0.7 and Pr = 10.
On the other hand, Hwang et al. [5] conducted an experiment
to investigate the convective heat transfer characteristics
in fully developed laminar flows of water flowing through
a circular pipe with a constant heat flux. Their experimental
results were compared with the local heat transfer correlation
developed by Shah [16]. The Shah correlation is given as
Based on these previous studies, considerable efforts have
been put into investigating the heat transfer characteristics
in narrow channels for laminar and turbulent flow regimes.
However, there is conflicting data, and there is still a lack
of experimental data to fully understand the heat transfer
characteristics in narrow rectangular channels. Therefore,
in the present study, an experiment is conducted to investigate
the convective heat transfer in a narrow rectangular channel
for upward and downward flows. The experimental conditions
are Re varying from 496 to 54,305, Pr varying from 2.64
to 6.46, and heat flux varying from 7.8 to 801.8 kW/m2. The
working fluid is demineralized water. The experimental
data are compared against the experimental data taken by
Sudo et al. [11] and predictions made by many existing
correlations. Since the experimental data obtained in the
present study do not agree well with others, a new set of
heat transfer correlations with and without consideration
of an entrance effect is developed for laminar and turbulent
flows.
2. EXPERIMENTAL FACILITY
Convective heat transfer experiments in a thin rectangular
channel are performed at the RCS Thermal Hydraulic Loop
located at the KAERI (Korea Atomic Energy Research
Institute). The RCS Thermal Hydraulic Loop is available
for various thermal hydraulic experiments from single phase
heat transfer up to CHF (Critical Heat Flux) experiments
[17]. The loop consists of a circulation pump, a mass
flowmeter, preheater, steam-water separator, pressurizer,
and heat exchanger as shown in Fig. 1. Since the loop
was originally designed for high pressure, a level tank is
installed on the top of the pressurizer in order to control
the system pressure below 2.0 bar instead of using the
pressurizer. The top of the level tank is open to the atmos-
phere. A test section designed for the present experimental
study is connected to the RCS loop. Because the flow
directions of the present study are upward and downward,
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the flow path is controlled by four actuator-type ball valves
as shown in Fig. 1. For the downward flows, valves V01
and V02 are open and valves V03 and V04 are closed.
For the upward flows, valves V03 and V04 are open and
valves V01 and V02 are closed.
The cross sectional view of the test section is shown
in Fig. 2(a). The rectangular channel has a thickness of
2.35 mm and a width of 54 mm. The total length of the
rectangular channel is 1,200 mm (heated 640 mm and
unheated 280 mm at each end). Since x/D is almost 44
from the inlet of the rectangular channel to the inlet of
the heated section, the flow entering the heated section is
fully developed. The heater is 50 mm wide, 640 mm long,
and 1.0 mm thick. The heater made of inconel 625 directly
heats the water on one side, and is insulated by an alumina
insulator on the other side. As shown in Fig. 2(b), each
heater has 10 thermocouples (TC) installed at the back to
measure centerline temperatures in the axial direction,
but the distance from one thermocouple to another is not
equally spaced. To detect the temperature change at the
beginning and end of the heater, more thermocouples are
installed near both ends. Two side windows made of quartz
are installed to visually observe any possible boiling or
damage to the heaters. Two pressure transducers (P1 and
P2) are installed at the lower and upper plenums to measure
the pressure at the inlet and outlet, and two thermocouples
(T1 and T2) are installed to measure coolant temperatures
at the inlet and outlet. Fig. 3 shows the pictures of the test
Fig. 1. RCS Thermal Hydraulic Loop
Fig. 2. Schematic Drawings of the Test Section: (a) Cross
Sectional View and (b) TC Locations on a Plate Heater
Fig. 3. Photographs of the Test Section: (a) end of the
Rectangular Channel with Copper Conductor, (b) Side View of
the Rectangular Channel, and (c) Upper Plenum
section. The test conditions are summarized in Table 1,
and the total number of test runs is 71 for the upward
flows, and 90 for the downward flows.
3. DATA REDUCTION
The inside wall temperatures Tw,i are estimated based on
the temperatures measured at the back of the heater. Since
the heater is a plate and has heating boundary conditions
with insulation on one side and convection cooling on
the other side, a one-dimensional conduction equation is
proper to estimate the inside wall temperature.
where Tw,i is the inside wall temperature on the flow
channel side
Tw,o  is the outside wall temperature on the
insulator side
q" is the average heat flux
t is the thickness of the heater
k is the thermal conductivity of the heater
Since the uniform heat flux in the axial direction is
applied to the heaters, the average heat flux can be evaluated
as q" = Qe–Ah. The electric power Qe [kW] is the product of
current (I) and voltage (V) applied to the heaters. The
thermal conductivity of Inconel 625 is given in Table 2 [18].
Before performing any test, the electric power applied and
thermal power transferred from the heater to the coolant
must be checked in order to estimate the power loss. The
thermal power can be evaluated by measuring the coolant
temperatures at the inlet and exit of the test section as Qth
= ( ·mCpT1 – T2). Fig. 4 shows that the thermal power is
measured as approximately 7% less than the electric
power for both the upward and downward flows. The
local bulk temperature Tb at distance x from the entrance
of the heater can be evaluated as
where Lh is the total length of the heater
Ti  is the inlet temperature (Ti = T1  for downward,
and Ti = T2  for upward)
To is the outlet temperature (To = T2  for downward,
and To = T1  for upward)
The local pressure at distance x from the entrance of
the heater can be evaluated as
where L is the total length of the channel
Lu is the unheated length of the channel
pt is the pressure at the upper plenum
pb is the pressure at the lower plenum
Properties such as viscosity, density, thermal conductivity
of the fluid, and Pr at each TC location can be estimated
based on the local pressure and temperature. Since the
thermal power estimated is approximately 93% of the electric
power, the heat transfer coefficient h is estimated as
The Nusselt (Nu) number is estimated as
The Reynolds (Re) number is estimated as
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Temperature [ºC]
k [W/mºC]
-18.0
9.2
38.0
10.1
204.0
12.5
427.0
15.7
649.0
19.0
Table 2. Thermal Conductivity of Inconel 625 with Temperature
Fig. 4. Electric Power vs. Thermal Power
(12)
(13)
(14)
(15)
(16)
(11)
Parameter
Flow direction
Flow velocity [m/s]
Inlet temperature [ºC]
Inlet pressure [kPa]
Power [kW]
Range
Downward/Upward
0.1 – 6.0
20 – 63
170 – 285
0.5 – 50
Table 1. Test Conditions
Fig. 5 shows the bulk temperatures Tb and the calculated
wall temperatures Tw,i in the axial direction. The bulk
temperatures linearly increase from the inlet to the outlet.
The wall temperatures Tw,i are linearly proportional to the
distance from the inlet, except for the two readings near
each end. Since a uniform heat flux in the axial direction is
applied to the heaters, the temperatures should be increased
linearly unless there is a heat loss or high heat transfer
near the inlet. In Fig. 6, the heat transfer coefficients near
the inlet show a rapid change owing to the entrance effect,
where the thermal boundary layer grows. The heat transfer
coefficients near the exit are also changed owing to the
proximity of the exit. At the ends of the heating section, a
small amount of heat is transferred through the copper
conduct along the axial direction. For this reason, the heat
transfer coefficient at the exit of the heating section gets
higher than those in the middle of the heating section. It
is also seen that the higher flow velocity results in the
higher heat transfer coefficient.
4. RESULTS
As shown in Fig. 6, the heat transfer coefficient is
higher near the inlet, and it decreases as the location gets
far away from the inlet. After a certain distance away from
the inlet, the heat transfer coefficient linearly decreases
with distance. This region is fully developed. Most of the
heat transfer correlations developed in the previous studies
is applicable to the fully developed region, but some are
still applicable to the entrance region. In the present study,
the experimental data are used to develop heat transfer
correlations that are applicable to both fully developed
and entrance regions.
4.1 For the Fully Developed Region
For a high Re, many correlations such as the Dittus-
Boelter, Sieder-Tate, Colburn, and others are applicable
to a fully developed region, and they result in similar
heat transfer characteristics. Although the Dittus-Boelter
correlation is simpler than the others since it does not
consider a variation of properties due to the temperature
difference between the bulk and wall temperatures, the
correlation predicts the heat transfer coefficient within an
error of ±20%. For this reason, the experimental data were
plotted as a function of Re, Nu, and Pr0.4. Fig. 7 shows the
experimental data taken by KAERI and Sudo et al. [10,11].
Sudo et al. claimed that they observed different heat transfer
characteristics between the upward and downward flows:
for the upward flows, the flow transition occurs at Re of
4,000. For the downward flows, the flow transition occurs
at Re of 3,000. However, the present study shows that the
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Fig. 6. Heat Transfer Coefficients in the Axial Direction
Fig. 5. Axial Temperature Distributions: (a) Upward and (b)
Downward
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flow transition occurs at the same Re for both upward
and downward flows. It can be clearly seen in Fig. 8: the
transition from a turbulent to a laminar flow occurs at Re
of 5,000. As shown in Fig. 9, the heat transfer correlation
for Re > 5,000 found using the least-square interpolation
is expressed as
Fig. 7. Experimental Data: (a) and (b) Sudo et al. [11] Experimental Data for Upward and Downward, (c) and (d) KAERI
Experimental Data for Upward and Downward
Fig. 8. KAERI Experimental Data for Upward and Downward
Flows
Fig. 9. Experimental Data (Re > 5,000) with Error ±18.25%
(17)
The correlation has an error of ±18.25% to meet a 95%
confidence within the error bound. In Fig. 10, Equation 17
is compared against the experimental data and the Dittus-
Boelter correlation. The experimental data taken by Sudo
et al. [10] scatters broader than that taken by the present
study. The broader scattering results in a higher uncertainty
of the correlation. As shown, the present experimental
data are slightly lower than that by Sudo et al. for Re of
less than 2x104, but is slightly higher for Re of larger than
2x104. However, the difference is considerably small.
Since the experimental data scatter more for Re of less
than 3,000, re-evaluation with other variables is needed.
For a low Re, the heat transfer characteristics are usually
expressed in terms of Gz. Fig. 11 shows comparisons of
the present experimental data against Sudo et al.’s corre-
lations. Since they concluded that the heat transfer char-
acteristics between upward and downward flows are
different, the data are compared with two different corre-
lations. As shown in Fig. 11, for downward flows, the
difference is higher than that for upward flows. To show
the similarity between upward and downward flows, the
experimental data are plotted as Nu vs. 2/Gz since Hwang
and Fan [15] found that Nu is oppositely proportional to
2/Gz. Fig. 12 shows that the present experimental data
follow the trend well, and there is no significant difference
between upward and downward flows. For this reason,
the heat transfer characteristics for Re of less than 3,000
can be expressed as a function of Gz. The correlation found
using a least-square interpolation is then expressed as
The experimental data and the correlation with a two-
tailed probability of 95% are compared in Fig. 13. For a
95% confidence, the correlation has an error of ±13.62%.
4.2 For the Entrance Region
The local heat transfer correlations with consideration
of the entrance region were developed by Churchill and
Usagi, Bejan and Sciubba, Shah, and others [13,14,16].
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Fig. 10. Experimental Data (Re > 5,000) with Correlations
Fig. 11. Experimental Data (Re < 3,000): (a) Upward and (b)
Downward
Fig. 12. Nu vs. 2/Gz for Re < 3,000
(18)
Most of the correlations under-estimate the heat transfer
characteristics near the inlet. Therefore, a new set of cor-
relations is developed to predict the appropriate heat transfer
over the entire heated length. The heat transfer characteristics
can be expressed in terms of Pr, Re, and z*. z* is simply
the inverse of Gz, expressed as z* = 1–Gz =
x–DhRePr. The general
formation of the heat transfer correlation proposed in the
present study is then given as
To determine the appropriate values for C, l, m, and n
in Equation 19, iterative calculations are performed as
described in Fig. 14. With the initial guessing values of C
=1, m = 0.8, n = 0.4, C1 and l for z*, C2 and n for Pr, and
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(19)
Fig. 14. Flow Chart to Determine Values for C, l, m, and n
Fig. 13. Experimental Data (Re < 3,000) with Error ±13.62%
C3 and m for Re are independently determined in the first
calculations. If the relative errors el, em, and en are less than
10-5, the values determined in the first calculation are
adjusted against the experimental data. Using the same
scheme, the heat transfer correlations were developed for
laminar and turbulent flows. For laminar flows (Re < 3,000),
the heat transfer correlation is expressed as
For turbulent flows (Re >5,000), the heat transfer
correlation is expressed as
In Fig. 15, predictions made by Equation 20 are com-
pared with two cases: 1) Re = 496 and –q" = 7.8 kW/m2
and 2) Re = 3,003 and –q" = 65.2 kW/m2. For Re = 496,
the predictions near the inlet are slightly higher than the
experimental data. For Re = 3,003, the predictions agree
well with the experimental data. Most of the existing
correlations under-predict the heat transfer characteristics,
but Sudo et al. and Bejan-Sciubba correlations predict
well the heat transfer characteristics near the inlet. For
Re of 496, the predictions by Bejan-Sciubba correlation
are slightly higher than the experimental data, but the
predictions for Re of 3,003 are lower than the experimental
data. The Bejan-Sciubba correlation predicts the heat
transfer characteristics closer to the experimental data
than the other correlations. The comparisons show that
the correlation proposed in the present study predict well
the heat transfer characteristic along the heaters. Fig. 16
shows that Equation 20 has an error of ±22% to meet a
95% confidence, but most of the data sitting outside the
error bound exit the upper bound. This means that the
correlation under-estimates the heat transfer characteristics.
In Fig. 17, Equation 21 is compared with two cases: 1)
Re = 4,536 and –q" = 80.4 kW/m2 and 2) Re = 22,185 and
–q" = 549.0 kW/m2. For Re = 4,536, the predictions agree
well with the experimental data, but there is a slight difference
near the entrance for Re = 22,185. The Battista-Perkins
correlation under-estimates the heat transfer characteristics,
and the difference increases with a higher Re. The Dittus-
Boelter correlation predicts an almost constant Nu over
the entire heated length. As discussed in the previous
section, the Ditus-Boelter correlation over-estimates the
heat transfer characteristics if Re is less than 2x104, and
under-estimates them if Re is larger than 2x104. Fig. 18
shows that the correlation proposed in the present study
has an error of ±19.5% to meet a 95% confidence if Re is
between 5,000 and 22,000. When Re is higher than 22,000,
the predictions made by Equation 21 sit outside the error
bound. However, most of them exist over the upper bound,
which means Equation 21 under-estimates the heat transfer
characteristics even more. This can be seen in Fig. 19.
An error of -19.5% results in approx. 98.9% confidence
level above the lower bound, which means 98.9% of the
experimental data exist at above -19.5% error bound.
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(20)
(21)
Fig. 15. Local Nu for Laminar Flows: (a) Re = 495 and (b) Re
= 3,003 Fig. 16. Experimental Data (Re < 3,000) with Error ±22%
5. CONCLUSION
An experimental investigation of the forced convective
heat transfer in a narrow rectangular channel (2.35 x 54
mm) for upward and downward flows is performed to
understand the heat transfer characteristics. The
experimental conditions are Re ranging from 496 to
54,305, and Pr ranging from 2.64 to 6.46, and a heat flux
ranging from 7.8 to 801.8 kW/m2. There are 71 test runs
for upward flows, and 90 test runs for downward flows.
Based on the observations, there are some different heat
transfer characteristics from others: (1) there are no different
heat transfer characteristics between upward and downward
flows, (2) most of the existing correlations under-estimate
the heat transfer characteristics, and (3) the existing cor-
relations do not predict the high heat transfer characteristics
in the entrance region for a wide range of Re. In addition,
there are a few heat transfer correlations that are applicable
to narrow rectangular channels. Therefore, a new set of
heat transfer correlations is proposed for laminar and
turbulent flows. 
In the present study, two different types of correlations
are developed: (1) with a consideration of the entrance
region and (2) without a consideration of the entrance
region. Without a consideration of the entrance region,
the heat transfer characteristics are expressed in terms of
Pr and Re for turbulent flows, and in terms of Gz for laminar
flows. For turbulent flows, the correlation developed in
the present study predicts the heat transfer characteristics
lower than those by the Dittus-Boelter correlation for Re
of less than 2x104, and predicts higher characteristics for
Re of larger than 2x104. For laminar flows, the experimental
data plotted as Nu vs. 2/Gz show a good agreement with
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Fig. 18. Experimental Data (5,000 < Re < 22,000) with Error
±19.5%
Fig. 19. Experimental Data (Re > 5,000) with Error -19.5%
Fig. 17. Local Nu for Turbulent Flows: (a) Re = 4,536 and (b)
Re = 22,185
the predictions by Hwang and Fan [15]. The correlations
proposed in the present study for turbulent and laminar
flows have errors of ±18.25 and ±13.62%, respectively.
With a consideration of the entrance region, the heat
transfer characteristics are expressed in terms of Re, Pr, and
z* for both laminar and turbulent flows. The general
formation of the heat transfer correlation is given as
Nu(x) = C Rem P Rrn z*l, and the values of C, l, m, and n
are determined using iterative calculations until the relative
errors of each value are less than 10-5. The correlation
developed for laminar flows are compared against cor-
relations developed by Churchill and Usagi [13], Shah [16],
Sudo et al. [12], and Bejan and Sciubba [14]. Among the
existing correlations, the Bejan-Sciubba correlation predicts
the heat transfer characteristics the best, but it under-
estimates the characteristics when Re increases. For turbulent
flows, the correlation developed is compared against the
correlations developed by Battista and Perkins [8]. At a
relatively low Re, the Battista-Perkins correlation predicts
the heat transfer characteristics along the axial direction,
but the prediction becomes quite off with regard to the
experimental data for a high Re. The correlation proposed
in the present study for turbulent and laminar flows has
errors of ±19.5 and ±22.0%, respectively.
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NOMENCLATURE
Ah Heated area, m2
Af Flow area, m2
Cp Heat capacity, J/kg/K
Dh Hydraulic diameter, m
Gz Graetz Number =    x–
RePrDh
h Heat transfer coefficient, W/m2/K
k Thermal conductivity, W/m/K
L Channel length, m
m· Mass flow rate, kg/sec
Nu Nusselt number
P Pressure, Pa
Pr Prandtl Number = –
uCp
k
Q Power, W
q" Heat flux, W/m2
Re Reynolds Number = –
ρ uDh
µ
T Temperature, ºC
t Wall heater thickness, m 
u Flow velocity, m/s
x Distance in axial direction, m
z Distance from thermal entry
z* Entrance region parameter = x–PrReDh
Greek symbols
ρ Density, kg/m3
µ Viscosity 
Subscripts
b Bulk
e Electrical
f Film
h Heated
i Inlet 
L Laminar
o Outlet
T Turbulent
th Thermal 
u Unheated 
w Wall
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